Abstract. Recent observations of the Cosmic microwave background (CMB) indicate that a successful theory of cosmological inflation needs to have flat potential of the inflaton scalar field. Realising the inflaton to be a pseudo Nambu Goldstone boson could ensure the flatness and the sub-Planckian scales related to the dynamics of the paradigm. In this work, we have taken the most general form of such a scenario: Goldstone inflation proposed in [1] and studied the model in the non-canonical domain. Natural inflation is a limiting case of this model, which is also studied here in the non-canonical regime. Our result is compared with the recent release by Planck collaboration and it is shown that for some combination of the model parameters, a Goldstone inflationary model in the non-canonical realisation obeys the current observational bounds.
Introduction
Inflationary paradigm offers a very attractive solution to resolve the hot big bang cosmology puzzles (for a review reader is advised to consult these books: [2] , [3] ). From the time of its first proposal almost 40 years ago [4] , the idea has been one of the prime focus of research in theoretical particle physics and cosmology (see [5] - [9] for important early work). With the stupendous advancement in the observational cosmology, now we can constrain different inflationary models in detail from real data. One of the problems with the standard inflationary models is that most of the textbook models are ruled out or disfavoured by the recent observations of CMB such as Planck and WMAP [10, 11] . In early 90's one elegant solution was proposed by Freese et. al. [12] from the idea of symmetry breaking to produce the inflation potential where the inflaton is a Goldstone boson (Natural inflation). Due to the shift symmetry property embedded through the symmetry breaking, the flatness of the potential is maintained, which is essential for the model building of inflation. But after the recent data release by Planck collaboration [13] , Natural inflation is almost ruled out in the standard ΛCDM model. The BIC (Bayesian Information Criterion) calculated for such models puts it right on the fence for getting invalidated by data. Natural inflation is one particular limiting case of a general class of inflation models known as Goldstone inflation. To have a successful Goldstone inflation, all scales related to the theory have to be sub-Planckian, thus keeping the inflaton guarded against the UV correction from the quantum gravity effects. Now in standard scenario of inflation, the scalar field is taken to be canonical. But, it was realised after the initial proposal of kinetic driven non-canonical inflation (NCI) in 1999 by Garriga and Mukhanov [14] that NCI's are more natural to fit with the fundamental theories like String theory. After the proposal of tachyon inflation in [15] , non-canonical realisation of different inflationary models have gained growing interest. Thus, in this work we move on to study the Goldstone inflation in the non-canonical domain and check the viability of the model from direct constraints by the current observation. In this work we tried to explore the general Goldstone inflation in non-canonical domain and then studied non-canonical natural inflation as a special case. The rest of the paper is organised as follows. In the next section 2 we will make a brief review of the standard Goldstone inflation along with the basic ingredients to build up the non-canonical inflationary dynamics. In section 3, we have reported the analysis part and in section 4 we present the main results obtained through that analysis and finally the conclusions are drawn in the final section.
2 Revisiting the canonical Goldstone and non-canonical inflation
Reviewing Goldstone inflation
The originally proposed model of Natural inflation has an axion as the inflaton, which is the Goldstone of a spontaneously broken Peccei-Quinn symmetry. But, as mentioned in the previous section, it is almost ruled out in the standard ΛCDM paradigm by recent CMB observations. The model is still in the 2σ allowed region with an associated breaking scale of 10M P l or higher. This is problematic as the effective field theory dynamics could get completely jeopardised by the effects of the Quantum Gravity(QG) which should robustly kick in to the picture in the super-Planckian regime. QG in general does not conserve global symmetry and therefore to have a super-Planckian breaking scale in case of a vanilla natural inflation model is philosophically very disturbing. Different exquisite models have been proposed to explain the super-Planckian breaking scale, such as Extra-natural inflation [16] , hybrid axion models [17, 18] , N-flation ( [19] - [21] ), axion monodromy [22] and other pseudo natural inflation models in Supersymmetry [23] . Some or most of these models require a large amount of tuning or the existence of extra dimensions. But even with these theoretical explanations, with the recent release of Planck data, the idea of Natural inflation faces survival crisis. The vanilla model is disfavoured by the Planck 2018 plus BK14 data with a Bayes factor lnB = −4.2 (Models are strongly disfavoured when lnB < −5). Therefore, it is high time to reevaluate the original motivation and development of the models of Natural inflation where the potential is generated through the breaking of a global symmetry. In [1] , there is a proposal of a model where a generalised Goldstone inflation is developed from the idea of minimal Composite Higgs model [24, 25] . The form of the potential to give a successful inflation is given as :
In [1] , it has been shown that with an appropriate amount of fine tuning, one obtains a successful model of Goldstone inflation with a sub-Planckian breaking scale related to the global symmetry breaking. Now, with the recent results from Planck 2018, even a canonical Goldstone inflation faces problem to survive. Since, this model is motivated by the minimal Composite Higgs model, it is expected to have non-canonical origin in the dynamics of the inflation. It is also clear from 2.1 that, for the choice of the parameter α = 1, β = 0 one gets back the standard form of the natural inflation potential.
Revisiting NCI
Here, we will briefly review the non-canonical inflation before introducing the Goldstone inflation in the non-canonical regime. NCI model features a single scalar field with the action [14, 26] :
where φ is the inflaton field. Here p(φ, X) = K(X, φ) − V (φ), where V (φ) is the potential and X ≡ 1 2 ∂ µ φ∂ µ φ. Now, it is very import to understand that the kinetic term K(X, φ) can be any arbitrary function of X and φ with proper dimensional attributions to the pre-factors. Here, let us write K(X, φ) as :
here, K nc (φ) can be any arbitrary function of φ. On the other hand, assuming a power law function, K kin (X) ≡ K n+1 X n , where n is the power. Thus for n > 1, we find higher order contribution of the pure kinetic term even with dimensionful constant K n+1 = 1. From Eq. 2.3, it is expected to get back the canonical picture once we set n = 1, K n+1 = 1 and K nc (φ) = 1 respectively. For the purpose of this paper we separate the contributions of the field dependent kinetic term K nc (φ) and of the derivative dependent kinetic term K kin (X). The scenario with K nc (φ) switched on and K kin (X) = X is termed as Case-1. The case where we consider K nc (φ) = 1 and K kin (X) is non trivially switched on is called Case-2.
C ase-1
In this case, K nc (φ) is switched on and K kin (X) ≡ X. Thus, in this case there is no higher order kinetic term present and the effective Lagrangian for generic K nc (φ) and V (φ) can be written as:
Then the Equation of Motion (EoM) for the field φ turns out to be:
where V ,φ = dV /dφ and K nc,φ = dK nc /dφ. If the canonical field is given as ψ such that
then the slow roll parameters are modified as:
The number of inflationary e-folds in the slow roll regime is:
The above relations (Eq. 2.4 to Eq. 2.8) are true for any inflaton potential V (φ) and we will speculate the particular form of Goldstone inflation in this non-canonical setting in Sec. 3.1.
The inflationary observables in this case are:
In this case, K nc (φ) ≡ 1 and K kin (X) ≡ K n+1 X n (for a comprehensive review reader is suggested to consult [27] ). Here, the total background dynamics can be constructed in terms of p(φ, X) = K(X) − V (φ). The Hubble equation is given as:
where
The speed of sound is
using Eq. 2.12. For the given form of K(X), the sound speed is a constant c 2 s = 1/(2n − 1) and the equation of motion (EoM) for the inflaton in this case is modified to:
Now, the slow roll parameters are needed to be calculated to get the expressions for the observables. The two potential slow roll parameters are given as:
The scalar and tensor power spectra are given as:
17)
Then the inflationary observables can be calculated to be:
Finally, the number of e-folds can be expressed in this case as:
Here, φ i and φ e represents the field values of the inflaton field at the horizon exit and end of inflation respectively.
Analysis for Goldstone inflation
Here, we analyse the effect of non-canonial scenarios Case-1 and Case-2 on the dynamics of Goldstone inflation. We consider the potential for the Goldstone inflation in the form of Eq. 2.1 with Using the following non-canonical form:
we arrive at the EoM:
The slow roll parameters are:
(3.5)
In Fig. 1 , the variation of V is shown as a function of the normalised field value φ/f . For the breaking scale f = 10M P l (red line), the V at pivot (marked with cross) is lower in case of non-canonical Goldstone inflation than the canonical case, therefore pointing towards a lower energy scale of inflation. But for f ≤ M P l , the pivot energy scale for non-canonical case is higher than the canonical case. This has been depicted by the blue and green lines in the Fig. 1 . It should be noted that varying α also as a parameter may improve the predictions for observables. Goldstone inflation whereas the solid lines represent non-canonical Goldstone inflation with K kin switched on and K nc = 1. The plots are for f = 10M P l (in red), f = M P l (in blue) and f = 0.1M P l (in green).
The Natural inflation is a limiting case of the generalised goldstone inflation with α = 1 and β = 0. We start with the analysis of Natural inflation to clarify the dependence of the inflationary observables on the parameters of the model, which is also applicable by extension to generic Goldstone inflation. For Natural inflation, the potential and the kinetic functions are given as:
Then, the slow roll parameters are:
where γ(n) = 6 n−1 nK n+1 1 2n−1 and in each of the above two equations, the second line is the expression for n = 2. The ratio of the scalar power spectra in case of kinetic natural inflation (n = 2) to the canonical natural inflation (n = 1) can be written as:
Thus, from the equation 3.10 it is clear that:
From the dependences of V and η V for Natural inflation here, on the factor (K 3 Λ 4 ) 1/3 and on f , it is evident that the slow roll parameters have values (> 1) not compatible with the slow roll condition for most of the inflaton's journey on the slope of the potential. To summarise the point, let us take f = 10M P l . For the sake of a simplistic analysis, let us assume the term in the square bracket in the equation 3.10 is O(1). Then, the first slow roll parameter is: V
. Thus, for K 3 = 1, for any realistic scale of inflation (value of Λ 4 ) the pivot value of V is quite large to have 50 − 60 e-folds of inflation, which is required from observations. Therefore, it is difficult to achieve enough number of inflationary e-folds for Case 2 of kinetic natural inflation.
By analogy, for the case of Goldstone inflation in the non-canonical regime of Case 2, the combination of parameters (K 3 αΛ 4 ) 1/3 influences the dynamics of inflation in a similar way. The factor α 1/3 appears since we have considered it as an overall factor in the potential and varied the normalised value of β ≡ β/α in this case. The variations of the first slow roll parameter V as a function of φ/f is shown in Fig. 2 , where, unlike Case 1, V for a noncanonical case 2 is higher than that for a canonical case for a particular value of φ/f . But, as shown in Eq. 2.20 in Sec. 2.2.2, the energy scale of inflation depends on the speed of sound c s =
. This factor appears in the EoM Eq. 2.14 and also in the expression of the pivot quantities. A variation of V / √ 3 in Fig. 2 shows that for a particular field value, the non-canonical Goldstone inflation (Case 2) points to a lower effective energy scale of inflation (plotted as V / √ 3 in Fig. 2 ) compared to its canonical picture, although at the cost of very steep rolling during inflation.
Therefore, to achieve enough number of e-folds (taken to be N = 55 in the analysis) in this case,the combination of (K 3 αΛ 4 ) 1/3 needs to be modified (increased).
Result
Tensor-to-scalar ratio (r natural inflation (blue), canonical Goldstone inflation (magenta) and non-canonical Goldstone inflation (cyan). The Goldstone inflation curves plotted here are for β = 0.5. The dark and light grey regions signify 68% and 96% confidence limits respectively for Planck TT,TE,EE+lowE+lensing data (2018) [13] , whereas dark and light yellow regions signify 68% and 96% confidence limits respectively for Planck TT,TE,EE+lowE (2018)+lensing+BK14 [28] +BAO data [29] .
The main observables for inflation in CMB for the ΛCDM model are the scalar spectral index n s and the tensor-to-scalar ratio r which are measured by Planck 2018 [13] with immense precision. The exact values of these parameters with 1σ errors as constrained by Planck 2018 are n s = 0.9665 ± 0.0038 (TT, TE, EE+ lowE+ lensing data ), r < 0.064 (TT, TE, EE+ lowE +lensing data+ BK14). In this section, we discuss the predictions of the Goldstone inflation in the canonical regime for n s and r with respect to their values in 1σ and 2σ confidence levels given by Planck 2018. We consider two different datasets in our analysis: (i) the most constrained Planck TT,TE,EE+lowE + lensing + BK14 + BAO and (ii) Planck TT,TE,EE+lowE+lensing. In Fig. 3 , we compared the predictions for natural inflation and Goldstone inflation in the canonical regime and in the non-canonical regime (Case 1). The non-canonical plot here is just for comparison and plotted for β = 0.5 (C Λ = 1, α = 1). It is evident from this plot that non-canonical picture K nc (φ) = V (φ)/Λ 4 does improve the predictions for inflation by a significant suppression of r. In Fig. 4 , we explored the observables in the n s -r plane for Case 1 of non-canonical Goldstone inflation while varying the model parameter β. For each value of β, the solid line runs for variation of the breaking scale f up to 16M P l . The plot shows that for most of the superPlanckian breaking scales f > M P l , the non-canonical scenario (Case 1) lowers the tensor-to-
Primordial tilt (n s )
Tensor-to-scalar ratio (r The green dot-dashed line connects the points with f = 5M P l in all the curves. The yellow dark and light regions signify 68% and 96% confidence limits respectively for Planck TT,TE,EE+lowE+lensing data (2018) [13] , whereas grey ark and light regions signify 68% and 96% confidence limits respectively for Planck TT,TE,EE+lowE (2018)+lensing+BK14 [28] +BAO data [29] . scalar ratio r for all values of β < α. But, similar to the default canonical Natural inflation case, this does not improve the predictions for n s and r in the sub-Planckian scales f < M P l . This was hinted from Fig. 1 , where the pivot field value for the non-canonical Case-1 predicted higher value of V for f ≤ M P l . Particularly, for β = 0.5, even though r decreases rapidly with the decrease in f below M P l , the spectral index n s is outside the current precision bounds by Planck. Fig. 5 shows the predictions for the inflationary observables for Case 2 of non-canonical Goldstone inflation. Here, we see that the n s and r values for the sub-Planckian breaking scales f < M P l are inside the 2σ bounds give by Planck dataset (i) for all values of β. But the prediction of r is larger compared to Case 1, which makes the Goldstone inflation in kinetc non-canonical regime Case 2 vulnerable to future precision detections of primordial tensor modes.
In Fig. 6 , the three solid lines all refer to the same f , but differ in inputs of β. In each of the solid lines, we have compared the three cases: canonical (leftmost point), noncanonical Case 1 (middle point) and non-canonical Case 2 (rightmost point). As hinted in the previous figures, we can see that of the all three cases, the non-canonical Case 1 provides The n s -r plot for kinetic inflation. Kinetic natural inflation curve is plotted in red, whereas kinetic Goldstone inflation curves for β = 0.2 is in magenta, for β = 0.5 is in blue. The light grey region pervading all through the plot signifies 96% confidence limit for Planck TT,TE,EE+lowE+lensing data (2018) [13] , whereas the dark grey contour signifies 68% confidence limit for the same data combination. The yellow shaded region signifies 96% confidence level for Planck TT,TE,EE+lowE (2018)+lensing+BK14 [28] +BAO data [29] . For each curve, the lowest value of r is for f = 0.5M P l .
best predictions for the super-Planckian case f = 5M P l with reference to current bounds from Planck.
Conclusions and Discussions
With future observations like CMB-S4 [30] and COrE [31] with promising prospects to measure the spectral tilt very precisely (∆n s ∼ 0.002), and with future possibilities to constrain the primordial tensor modes, a systematic study of the unconventional scenarios of inflation for theoretically motivated models has become essential. Models that are well motivated from theory but facing trouble to predict observable parameters within experimental bounds need to be reevaluated in scenarios such as non-minimal coupling to gravity [32] or non-canonical inflation. Inflaton being a pNGB has a very promising theoretical justification and therefore, a Goldstone potential to drive the inflationary expansion is studied here in the non-canonical scenario constrained from latest CMB data. We emphasize that using a non-canonical framework in this work helped to avoid fine tuning of model parameters, which is unavoidable in the canonical case of Goldstone inflation. For Case-1, the prototype K nc (φ) = V (φ)/Λ 4 is just to give an effective flatness to the potential. More forms of K nc (φ) arising from non-minimal gravitational coupling will be interesting to analyse, as they come naturally from non trivial Lagrangians in the Jordan frame [33] [34] [35] . We have done the analysis for Case-2 with only n = 2 due to mainly two reasons. Firstly, 
The natural inflation curve is plotted in red whereas Goldstone inflation curve for the combination α = 1,β = 0.5 is in blue and for the combination α = 1,β = 0.2 is in magenta. The three points from left to right in each of the curves are for the canonical, non-canonical and kinetic cases respectively. The dark and light grey regions signify 68% and 96% confidence limits respectively for Planck TT,TE,EE+lowE+lensing data (2018) [13] , whereas dark and light yellow regions signify 68% and 96% confidence limits respectively for Planck TT,TE,EE+lowE (2018)+lensing+BK14 [28] +BAO data [29] .
renormalization of the theory is an issue in any case of kinetic inflation and therefore, it is safe to start with the minimal deviation from the canonical case. Secondly, the observational bound on the cosmological sound speed c s restricts the power n of the kinetic term. For non-canonical Case-1 we get smaller tensor-to-scalar ratio (r), however we do not achieve enough e-folds of inflation for sub-Planckian f . On the other hand, for Case-2 we achieve ∼ 55 e-folds of inflation even for sub-Planckian f , but at the cost of r values lying outside the current 68% bound. A generalised kinetic term with both the cases switched on will be interesting in terms of the prediction for observables, if their effects combine in a constructive manner. The next natural step should be to test these models with thorough numerical analysis using Bayesian techniques. Another exciting case would be to check the effects of non-canonical inflation in the brane-world scenarios. As expected in brane-world scenario, there is a natural tendency of increasing r [36] , it would be interesting to check NCI in that paradigm. We hope to return to these problems in near future. Another issue which might need a serious theoretical explanation is the observed anomaly at the low multipole in the CMB power spectrum as observed by Planck as well as WMAP. Many explanations [37] - [41] are being put forward and on that note it would be exciting to check if a non-canonical initial condition could orchestrate such an imprint on such scales.
Finally, we comment regarding the recently proposed Swampland Criteria (fiasco!) [42] which created some sensation in the cosmology community. On that regard, we would like to emphasize that a non-canonical inflation, specifically Case-2, with a theoretically well motivated potential could actually evade the problem and might be a natural answer to it since the Lagrangian for NCI is expected and motivated from String theory. The bounds on c s from CMB could also play a key role in that as indicated in [43] . This is another interesting problem that we would like to address soon.
